Abstract. This paper deals with the experimental and numerical analysis of the effect of stress-strain heterogeneities due to elastic anisotropy, grain orientations and their effects on martensitic transformation for a Cu-Based SMA multicrystal. The shape of each grain is measured successively by optical microscopy and Electron Back Scattered Diffraction technique. During a tensile loading at room temperature, the displacement field of the free surface is measured by Digital Image Correlation. The considered shape for the finite element analysis is designed on the basis of the experimental characterization of the shape of each grain. The model is intended to simulate the behaviour of the multicrystal. The experimentally obtained data, such as the actual applied boundary conditions at the edge of the area, crystallographic orientation, and some material parameters of the literature chosen to be in conformity with our case, are introduced in the numerical model designed by the Abaqus finite element code. A SMA micromechanical constitutive law, implemented in this FE code, is considered for the behaviour description of each grain. It describes the effect of a martensitic transformation on the behaviour of a single crystal by taking into account the possible activation of various martensite variants. The study shows that the experimental and numerical results are in good agreement. Moreover, numerical results show the stress state in grains is disturbed by the neighboring grains and this disturbance has a strong influence on the martensite variant activation.
Introduction
Some Shape Memory Alloys (SMA) present a superelastic behaviour generated by a reversible austenite-martensite transformation. This phase transformation occurs at the grain scale, it can be induced by cooling or by the application of mechanical loading. While the applied stress increases, the austenite is gradually transformed in martensite, induces locally large strain and stress heterogeneities due to transformation. When the loading is removed, the reverse martensitic transformation takes place, and the initial material shape is recovered. Scale transition techniques are used for the modelling of the SMA polycrystals macroscopic behaviour takes. Models have to take into account the effect of the phase transformation. Generally, they are based on micromechanical approaches [1, 2] or on phenomenological ones [3, 4] . In micromechanical models, the local thermomechanical behaviour at the grain scale is assumed to be homogeneous and interactions between martensite variants and between grains are taken into account through average quantities. These approaches are well adapted to the polycrystals where grain size is really small compared to the size Representative Elementary Volume (REV) and to the studied structure. In the case of the multicrystals, where the grain size is of the same order of the loaded structure dimension, it is necessary to take into account geometrical and crystallographic heterogeneities in order to simulate the macroscopic behaviour of the structure. In this study, a multicrystal subdomain of 65 grains is considered, it is the zone of interest (ZOI) in a Cu-Based SMA sample. The multicrystal is obtained from a bulk material by many successive hot rolling passes. The crystallographic orientation of each grain is determined by Electron Back-Scatter Diffraction (EBSD) technique. Then, an in-situ machine is used to carry out a tensile test on the studied sample. Simultaneously, the actual applied boundary conditions (displacements) at the edge of the ZOI are measured by Digital Image Correlation (DIC) from images of the upper free surface. Correli-Q4 [5] is adopted for correlation leading to the local displacements and hence to the strain fields. In order to setup the correspondent finite element model, a SMA singlecrystal constitutive law [1] is implemented into the finite element code Abaqus via the User MATerial (UMAT) subroutine. The equations describing the thermomechanical behaviour of the singlecrystal are based on the description of the martensitic transformation at the crystal lattice scale [6] . The analysis of the experimental and numerical results highlights the effect of the different levels of heterogeneity on the global thermomechanical behaviour. In fact, for a considered grain, the boundary conditions induced by their neighbours have a strong influence on the martensite variant activation. Moreover, inside grains, the activation of a martensite variant modifies locally the stress state and may activate one or more other variants.
Experimental procedure
The studied material is a CuAlBe SMA, the composition is with 11.5wt. %Al and 0.5wt. %Be. The specimen surface preparation is carried out using a mechanical polishing on both sides of the sample, followed by an electro-polishing, and the thickness is then reduced to reach about 0.3mm. The specimen was etched in order to reveal the microstructure. Figure 1 exhibits the micrography of the upper side of a CuAlBe SMA obtained by optical microscopy. The sample is etched only after EBSD. The Figure indicates the numbering of the 65 grains considered in the studied area (red zone). There is only one grain in its thickness since the mean grain size is widely higher than the specimen thickness. Grain boundaries are not perfectly perpendicular to the free surface, they are slightly tilted. However, in the framework of this study, the grain edges are assumed to be normal to the specimen surface. For this material, the temperature when the martensitic transformation starts (noted Ms) was measured using the Differential Scanning Calorimetry (DSC) [7] . The authors indicated a temperature up to −85C o . Therefore the alloy is 100% austenitic at room temperature and stress free state. Some tensile tests carried out in the same material allow estimating the stress of the transformation at room temperature, it is between 160MP a and 190MP a [7] . Crystallographic orientation of each grain is measured by the EBSD technique. The indexing of the Kikuchi lines is carried out by the Channel5 system (HKL Technology, Denmark). The analyzed area covers almost all the calibrated zone of the Table 1 as a function of the grain location in the multicrystal (see Figure 1 ). Table 1 . Crystallographic orientation of the grains given as a function of their location (see Figure 1 ). Euler angles are defined by (ϕ1, φ, ϕ2). The component R11 of the Schmid tensor, given in the loading direction
Finite element modelling of SMA multicrystal
The considered constitutive law was implemented in the finite element code Abaqus by Collard et al. in framework of its work analysis of precipitate effects on shape memory alloys behaviour [6] , and is based on the code Simula+ [8] . The model is based on the description of the thermomechanical behaviour of a SMA singlecrystal governed by the martensitic transformation. It is induced by a thermomechanical loading and depends on the lattice structure and orientation. The implementation procedure is based on the User MATerial subroutine (UMAT). All additional details concerning the model and the parameters governing the behaviour can be obtained in the thesis of Merzouki [9] . Some material characteristics have not been able to be experimentally identified, they are directly taken from the literature. These parameters are given in Table 2 . The finite element model of the studied multicrystal area is presented in Figure 2 . It should be noticed that only the central part of the sample described by Figure 1 (red zone) is considered for the finite element analysis. The dimensions of the modelled area are 8.34mm long, 2.76mm wide and 0.27mm thick. The studied area consists of 65 grains with only one grain through the thickness. During modelling two hypotheses are adopted, (I) the grain boundaries are assumed to be normal to the specimen surface so as to simplify the FE discretization, (II) the grain shape is considered polygonal. Each grain is meshed with hexahedral (C3D8) and tetrahedral (C3D6) solid continuum isoparametric elements with linear interpolation. These elements have selective integration method corresponding to a complete integration of the deviatoric tensor and a reduced integration of the hydrostatic one. Three elements are introduced along the thickness although only one grain is considered according to this direction. The sample is meshed with 12294 elements. The loading is carried out at constant temperature. Only the superelastic behaviour is exploited. This finite element model is considered for the simulation of multicrystal behaviour under tensile loading. It should be noticed that the modelled area is located inside the zone fixed between the two grips of the tensile machine; the boundary conditions must be adapted to reproduce the real loading as well as possible. For that, two variable displacements are applied to each node of the left and right edges of the simulated area in the 1 and the 2-direction (respectively loading and transverse direction). The in-plane field displacements are obtained experimentally by the Image Correlation technique on the two sections of the simulated area and used as applied boundary conditions. The displacement is assumed uniform through thickness. Nodal FE positions do not necessarily correspond to the measured ones. Consequently, a linear interpolation is carried out between measured points leading to the field of displacement across the edges. In order to avoid rigid body motion, one node is fixed in the third direction (direction of thickness). By applying the experimental displacement at each node of the two edges, it is possible to take into account the interaction of the neighbouring grains. The variation in the time of the boundary conditions is supposed linear. Table 2 . Material parameters and elastic constants used in the code [10, 11, 7] : C 11 , C 12 and C 44 are the elasticity constants, μ is the shear modulus defined as a function of C11, C12 and C44, Ms is the martensite start temperature, Af is the austenite finish temperature, B is the stress-temperature coefficient, (H1) and (H2) are two parameters used in the constitutive model Figure 3 .a presents the global behaviour of the multicrystal and is represented by expressing the global stress versus the global strain. The global stress is calculated from the resultant of the reactions in one section nodes according to the loading direction, whereas the global strain is obtained from the average elongation in the loading direction. Figure 3 .b shows that the evolution of the global volume fraction of martensite versus the global strain is almost linear. The transformation appears for a loading corresponding to about 0.25% of global longitudinal strain. Below that strain, the behaviour of the multicrystal is elastic, which is confirmed by the curve of the global behaviour. Figure 4 presents the local behaviour of some grains and is defined from the equivalent Von Mises stress and strain averaged on all the elements belonging to the considered one. For a loading level corresponding to 2% of global longitudinal strain, well oriented grains compared to loading direction present a higher strain level. As an example, local strain value reaches 8% for grains (18, 19, 20 and 22) . For a better understanding of the transformation evolution, the average volume fraction of martensite in each grain is expressed as a function of the global longitudinal strain, as defined in figure 4 . The martensitic fraction generally presents a higher value in the well oriented grains (R11 > 0. noted that for a global strain of about 1%, some grains are close to a 20% volume fraction of martensite (grains 20, 22. etc), whereas other grains are always in an austenitic state (grains 23, 24. etc), so their behaviour remain elastic. At a 2% of global strain, the global volume fraction of martensite in the whole sample is about 15% when it approaches 50% in the grains 20 and 22. Some grains have rather close crystallographic orientations so the pseudoelastic part of the behaviour is quasi-identical. A rather weak strain is observed, as an example in grains 33 and 36 even if they are rather well oriented compared to the loading direction. This is due to the neighbouring grains which prevent them from becoming more deformed. 06035-p.5 Figure 5 shows a comparison between experimental results and numerical calculation carried out by applying experimental boundary conditions BCs measured by image correlation, in terms of martensitic transformation distribution at the loading corresponding to 0.8% of global longitudinal strain. The simulated transformation distribution is similar to the one observed experimentally. These results confirm the importance to apply the experimental BCs. Moreover, a grain located at the boundary is not experimentally deformed. This can only be obtained by applying the experimental BCs. Such procedure takes into account the interaction of the neighbouring grains. This coupling between the experimental measurements and FE simulation allows simulating a realistic local and global mechanical response via the interactions between the grains. So it is necessary to apply this type of BCs to simulate the behaviour of small-size structures. However, the evolution of imposed displacement at each node during the loading is hardly known. For small loadings, the measured displacements may not be evaluated since they are lower than the experimental errors. 
Results and analysis

Conclusion
The confrontation between numerical calculation and experimental analysis for a SMA multicrystal is detailed in this study. On the one hand, we have seen how the experiment provided certain essential information to the simulation of the multicrystal behaviour and on the other hand, we have observed that the experiment could be reproduced by the simulation. The shapes of the grains observed in optical microscopy is reproduced on the grid finite elements. Only one grain is considered in the thickness. The shape of each grain is defined as a subdomain and meshed by three dimensional continuum elements. The boundary conditions BCs of the free surface are measured by Digital Image Correlation. A SMA singlecrystal constitutive model is implemented into the finite element code Abaqus. The qualitative comparison between experiment and the FE simulations carried out by applying experimental BCs, in terms of martensitic transformation distribution is discussed. The description of the grain boundaries and the mesh refinement is led to numerical results which are in a good qualitative agreement with experimental findings. It has been shown that the transformation localization domain predicted by the FE simulations has the same spatial repartition than the one observed experimentally. The results show the importance to apply the experimental BCs. Indeed, the coupled experimentalnumerical approach highlighted that the stress-strain state in such grains is disturbed by the other grain neighbours. The developed approach is used to assess the effects of this stress-strain disturbance on the martensite variant activation.
